We show that the constraints which follow from the Trans-Planckian Censorship Conjecture for inflationary cosmology can be strengthened if the pre-inflationary period the universe was dominated by radiation. The resulting upper bound on the energy scale of inflation is η ∼ 10 4 GeV, close to the scale accessible to accelerator experiments. * Electronic address: rhb@physics.mcgill.ca † Electronic address: edward.wilson-ewing@unb.ca
I. INTRODUCTION
Recently, Bedroya and Vafa [1] put forwards the Trans-Planckian Censorship Conjecture (TCC) according to which no modes which had an initial wavelength smaller than the Planck length are permitted to exit the Hubble horizon during cosmological evolution. A motivation for this conjecture comes from an analogy with Penrose's cosmic censorship hypothesis [2] according to which timelike singularities must be hidden from external observers by horizons. This not only shields the external observer from having access to the singular surface, but also shields the external observer from the region into which the non-unitary evolution due to the time-like singularity can extend. The TCC can be viewed as a generalization of Penrose's hypothesis to also shield observers from Planck-scale physics, within the context of cosmology.
The expansion of the universe leads to an increase in the physical wavelengths of all fluctuation modes. In an effective field theory (EFT) analysis it is necessary to impose an ultraviolet cutoff on the modes at a fixed physical wavelength. But since the physical wavelengths of cosmological perturbation modes increase as the universe expands, there is a unitarity problem in the EFT description since the Hilbert space of the fluctuation modes must grow as a function of time [3] . During inflation, fluctuations oscillate on sub-Hubble scales but freeze out, grow in amplitude, and classicalize on super-Hubble scales (see, e.g., [4] for a detailed review of the theory of cosmological perturbations, and [5] for an overview). The TCC states that fundamental physics will prohibit fluctuation modes which were at any time trans-Planckian (and hence outside of the realm of the EFT) from ever becoming classical and accessible to late-time observers, and shields late-time observers from the unitary problems of the EFT description.
The TCC does not lead to any constraints on the evolution in Standard Big Bang cosmology since in this case the fluctuation modes do not ever exit the Hubble radius (rather, it is super-horizon modes that re-enter the Hubble radius). On the other hand, for an inflationary uni-verse scenario with an early phase of almost exponential expansion, the TCC leads to severe constraints 1 [6] . Assuming that the expansion rate is almost constant during the period of inflation and assuming that the universe after inflation is given by the radiation phase of Standard Big Bang cosmology 2 , there is an upper bound on the energy scale of inflation [6] V e < 10 10 GeV ,
which leads to an upper bound on the amplitude of the spectrum of primordial gravitational waves. This can be expressed as an upper bound on the tensor-to-scalar ratio r,
Note that these bounds are independent of any assumptions about single field or slow-roll inflation [6] . These bounds are minimal in the sense that they do not make any assumptions about the pre-inflationary evolution. Working in the context of Einstein gravity coupled to scalar field matter (the scalar field responsible for inflation), it is rather likely that there was a pre-inflationary phase of radiation-domination. As we show in this note, if this is the case then the constraints on the energy scale of inflation become more severe.
In the following we work in the context of a spatially flat Friedman-Lemaître-Robertson-Walker cosmology. The metric, expressed in terms of the cosmic time t and the comoving coordinates x, is
1 The fact that the accelerated expansion of space during inflation leads to a trans-Planckian problem for fluctuations was already pointed out in [7] , and see [8] for a review with references to other works on this problem. 2 Constraints which can be derived from the TCC when relaxing the condition of immediate radiation-domination after the end of inflation have been considered in [9] , and relaxed bounds when abandoning the assumption of an almost constant value of the expansion rate have been studied in [10] (and in [11] in the context of warm inflation [12] ), while TCC constraints on the shape of the inflaton potential in single-field slow-roll inflation are derived in [13] . In deriving the bound on r, it was assumed that the initial state of the fluctuations is the usual Minkowski-like vacuum. What happens when this assumption is relaxed has been considered in [14] .
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where the scale factor a(t) depends only on t, and the Hubble expansion rate is given by H(t) =ȧ/a, with the dot denoting a derivative with respect to t. We adopt natural units in which the speed of light c = 1 and denote by m Pl the reduced Planck mass. Figure 1 shows a space-time sketch of an inflationary cosmology with a pre-inflationary radiation phase. The vertical axis is time, the horizontal axis is the physical length scale. The inflationary phase (assuming constant H during inflation) lasts from t = t i to t = t R . The time t p is the Planck time when the background energy density reaches the Planck scale, and t 0 denotes the present time. The solid curve denoted by l H is the Hubble horizon
and the dashed line labelled by k shows the physical length of a fluctuation mode which is entering the Hubble radius today. The x value of the vertical dashed line denotes the Planck length. The minimal constraint on inflationary cosmology resulting from the TCC originates by demanding that no scale which has length smaller than the Planck length l Pl = m −1 Pl at the beginning of inflation ever exits the Hubble radius,
In the sketch of Figure 1 this condition is saturated: the dashed line starting with Planck length at the beginning of inflation just barely reaches the Hubble length at the end of inflation. As is clear from Figure 1 , in a cosmology where the universe is expanding during the pre-inflationary phase, if the minimal TCC condition (5) is saturated then there are modes that initially have a physical wavelength equal to or even shorter than l Pl at a time between t p (before which the EFT description of the background space-time breaks down) and t i which exit the Hubble radius during the inflationary period before t R . These trans-Planckian modes correspond to curves which are displaced parallel downwards from the dashed curve which reaches the Hubble radius at t R . Of course, this possibility would violate the TCC. Therefore, in an expanding universe the TCC also requires the stronger condition that
Assuming that the pre-inflationary phase is radiationdominated, the slope of the dashed curve is steeper in the radiation phase than the slope of the Hubble radius curve 3 ; the former scales as a(t) ∼ t 1/2 , the latter as t. Due to the growth in a(t) during the pre-inflationary phase, the TCC now implies a stronger bound on the energy scale of inflation by a factor of a(t i )/a(t p ).
In order for inflation to provide the possibility of a causal mechanism to explain the observed structure of the universe on cosmological scales, the comoving scale corresponding to the current Hubble radius (denoted by k) must originate inside the Hubble radius at the beginning of inflation
Here N is the number of e-foldings of inflation, H 0 denotes the current Hubble constant, T 0 the current temperature of the cosmic microwave background, and T R the temperature at the end of inflation. The condition (7) assumes that the radiation phase of Standard Big Bang cosmology starts right after inflation, and that the entropy production between t R and t 0 is negligible 4 (in which case the ratio of scale factors is the inverse of the ratio of the temperatures).
Since in a radiation-dominated space-time T ∝ a −1 , the condition (6) can be rewritten in terms of temperatures,
where T i and T p are the radiation temperatures at times t i and t p , respectively. The lower bound (7) and upper bound (8) on the duration of inflation e N are compatible provided that
using the assumption that H(t i ) = H(t R ). The Friedman equation for a thermal bath of radiation relates the Hubble rate with the temperature,
where g * is the number of spin degrees of freedom in the thermal bath. Assuming that g * is of order unity between t p and t i and also between t R and t 0 , condition (9) becomes In order for inflation to provide a causal mechanism for structure formation, this scale has to be sub-Hubble at the beginning of inflation, a condition which in this sketch is shown to be saturated.
using also T p = m Pl = l −1 Pl . The Friedman equation also implies
where T eq is the temperature at the time of equal matter and radiation. This relation holds since H 2 eq ∝ T 4 eq , and for T < T eq the universe is matter-dominated so ρ ∝ a −3 ∝ (T /T eq ) 3 .
Inserting (12) into (11) and assuming T i = T R (no decrease in H during inflation, and instantaneous reheating) then gives
up to factors of order 1. Note that this scale is not too far above the reach of current accelerator experiments.
Since the amplitude P(h) of the spectrum of primordial gravitational waves produced during inflation is given by [15] 
the bound on the tensor to scalar ratio r becomes (given the observed amplitude of the scalar spectrum P(R) ∼ 10 −9 )
which is many orders of magnitude smaller than the amplitude of stochastic gravitational waves produced by other processes between the end of inflation and the present time.
III. CONCLUSIONS AND DISCUSSION
In this note we have shown that the upper bound on the energy scale of inflation tightens substantially compared to what was obtained in [6] if the universe is radiation-dominated (and expanding) between the Planck time and the onset of inflation. In fact, the bound reduces to an energy scale only slightly higher than the scale being probed by terrestrial accelerator experiments. In this case the lowered upper bound on the energy scale of inflation implies an even stronger bound on the amplitude of the spectrum of gravitational waves. More generally, any pre-inflationary era during which the universe expands will strengthen TCC bounds on the energy scale of inflation. For a pre-inflationary expanding phase with a constant equation of state ω (by definition, in the pre-inflationary phase ω > −1/3), the strengthened TCC bound is
We see that the upper bound on T R decreases and becomes stronger if ω decreases. Note that the smaller the energy scale of inflation, the more contrived it becomes to construct an inflationary model which yields the observed amplitude of the spectrum of cosmological perturbations. For example, for slow-roll single-field inflation, the TCC bound on the tensor-to-scalar ratio r implies that the slow-roll parameter = −Ḣ/H 2 ≤ 10 −48 . However, these results (and also those of [6] ) can be relaxed by dropping one of the various assumptions we have made: an expanding radiation-dominated pre-inflationary phase, standard cosmology after inflation, an almost constant value of H during inflation, a number of spin degrees of freedom in the thermal bath of the radiation fluid g * of order unity, and the standard mechanism for producing the observed nearly scale-invariant fluctuations. But on the other hand, relaxing any one of these assumptions implies departing from the simplicity of the original inflationary scenario.
Perhaps the simplest departure is to assume that the pre-inflationary phase is contracting rather than expanding, with a cosmic bounce occurring near the onset of inflation [16] ; inflationary models like these are not subject to the strengthened TCC constraints derived here.
Finally, recall that an important motivation for the TCC is to ensure that inflation can be described in an EFT framework. On the other hand, a better understanding of fundamental physics could remove this motivation by providing a UV-complete description of inflation. In this case, the trans-Planckian problem [7] of fluctuations becomes a trans-Planckian window of opportunity to test fundamental physics-whether string theory, loop quantum gravity, asymptotic safety, or other theories-using cosmological observations. Our best candidate for a theory that unifies all forces of nature and is complete in the ultraviolet is superstring theory. In the context of string theory, there have been a series of arguments which indicate that inflation is hard to realize in string theory [17] . They go under the name Swampland Constraints [18] (see [19] for recent reviews, and see [20] for a recent analysis from the point of view of string gas cosmology [21] ). Thus, from the perspective of string theory one cannot simply discard conclusions coming from the TCC by invoking quantum gravity effects. In fact, as studied in [1] and [22] , there is a close connection between the swampland conditions and the TCC. In particular, both exclude the presence of a stable vacuum with a positive cosmological constant, but both are consistent with a phase of dark energy domination of cosmology at the present time (see, e.g., [23] ).
